ABSTRACT A Monte Carlo dust tail model has been applied to extract the dust environment parameters of the comet C/2012 S1 (ISON) from both Earth-based and SOHO LASCO C3 observations, performed from about six astronomical units (AU) inbound, to just after perihelion passage, when only a small portion of the original comet nucleus has survived in the form of a cloud of tiny particles. The early Afρ and image data are consistent with particle ejection from an extended active area located at latitudes 35
INTRODUCTION
The comet C/2012 S1 (ISON, comet ISON hereafter) was discovered by Nevski & Novichonok (2012) as a diffuse object of 8 coma on September 21.06 UT with a 0.4 m reflector of the International Scientific Optical Network (ISON) near Kislovodsk, Russia. Just after its discovery, it soon attracted attention as an Oort cloud comet with a very short perihelion distance of just 2.7 R (R = solar radius, 6.955×10 8 m). At the time of discovery, ISON was at 6.3 AU from the Sun, at a visual magnitude around 19. Given its level of activity at such a large distance and its predicted extreme proximity to the Sun at perihelion, it was expected to become a very bright target for Earth observers, becoming even brighter than the full moon. However, at around 4.2 AU inbound, the comet started to show an unexpected decrease in activity compared to its original tendency that led to a visual magnitude higher than the visual limit when it started to approach perihelion at 1-0.7 AU. After a quiescent period, the comet then experienced a strong outburst of activity at ∼0.65 AU, in which the HCN and OH production rates increased substantially, by more than an order of magnitude, over 48 hr (Biver at al. 2013; Opitom et al. 2013; Agúndez et al. 2014 ). On November 20, the comet was too close to the Sun for Earth-based observers, but it entered the field of view of the Solar Terrestrial
Relations Observatory spacecraft at a heliocentric distance of 0.43 AU, apparently undisrupted, clearly displaying both dust and ion tails. Later on, on November 27, the comet entered the Solar and Heliospheric Observatory (SOHO) Large Angle and Spectrometric Coronagraph Experiment (LASCO) field of view, at a distance of 0.15 AU, showing two distinct tails, one northern component consisting of an intense narrow spike, and a much broader and diffuse southern branch. Late on November 27 and during the first half of November 28, the comet head displayed strong saturation effects in the SOHO LASCO C3 camera, possibly associated with either disruption of the nucleus (by tidal forces or thermal stress) and/or profuse vaporization of dust particles due to high temperatures. The SOHO LASCO C3 camera images for dates later than November 28 14:00 UT did not show an apparent nucleus. When the comet emerged from the C2 and C3 coronagraphs it displayed a bilobed tail, with some dust in between, which weakened very fast and almost disappeared when the comet finally left the C3 field of view on December 1.
In this paper, we analyze dust tail images of the comet taken from several observatories, and combine them with Afρ data obtained by the amateur association Cometas-Obs. We also analyze publicly available pre-and post-perihelion SOHO LASCO C3 images in order to have a complete view of the evolution of the dust until the comet was finally disrupted. To perform the analysis and to derive the dust parameters, we use our Monte Carlo dust tail code as in previous papers (e.g., Moreno et al. 2012 Moreno et al. , 2013 . In all panels, north is up, and east is to the left. For more details, see Table 1 . (A color version of this figure is available in the online journal.) 
THE OBSERVATIONS
Our ground-based image data set was acquired at several telescopes from different observatories. Unless otherwise noted, all observations refer to CCD images taken through red Johnson-Cousins filters. We used the 1.52 m and 0.9 m telescopes at the Observatorio de Sierra Nevada, and the 1.23 m and 2.2 m telescopes at the Calar Alto Observatory Spain. In addition, we used several images from the SOHO LASCO C3 coronagraph when the comet was near perihelion. A summary of all the image observations is given in Table 1 , where we provide information about the circumstances, as well as some technical aspects, of the observations. The ground-based data reduction was accomplished by standard procedures: bias subtraction and flat fielding was performed for each image, and then the frames were calibrated using the available stars on the field of view in combination with the USNO.B1.0 catalog. A median stack of the available images was then performed. The photometric calibration errors amount to ±0.3 mag. The spatial orientation of the images was also checked with the background star positions. A selection of those images are shown in Figures 1 and 2 for various epochs. Panels (a) and (b) of Figure 1 display the earliest images collected on 2013 February 14 and May 1, at 4.78 and 3.89 AU inbound, while Panel (c) displays the comet much closer to perihelion on 2013 October 10 at 1.55 AU. Figure 2 shows the comet at much shorter heliocentric distances, at 0.67 and 0.61 AU, just before and after an outburst of activity reported to occur during the earliest hours of November 14. These images display both dust and ion tails. The November 15 image is shown separately in Figure 3 , after being enhanced by a Larson-Sekanina rotational filter, where wing-like features seem to emerge from the comet nucleus. This was interpreted by some authors as an indication of the fragmentation process (e.g., Boehnhardt et al. 2013) .
As stated in the Introduction, we also analyzed SOHO LASCO C3 images in order to obtain complete coverage of the evolution of the dust around perihelion. SOHO continuously observes the Sun from Lagrangian point L1 (Domingo et al. 1995) . 90 m telescope at the Sierra Nevada Observatory. In both panels, north is up, and east is to the left. More details on the images are given in Table 1. (A color version of this figure is available in the online journal.)
For our purposes, we used pre-and post-perihelion "level-0.5" FITS images. We reduced both the DeepRed filter (at three epochs) and the Clear filter (at four epochs) images, as detailed in Table 1 . The Clear filter images are mostly dominated by sodium emission (Knight et al. 2010; Knight & Battams 2014) . Among the mechanisms proposed to explain the presence of alkali atom emission from comets is the evaporation of small grains (Wilson et al. 1998; Watanabe et al. 2003; Fulle et al. 2013) . While other mechanisms might also play a role, this mechanism is likely operating on ISON near perihelion. Therefore, these Clear filter images are tracing cometary dust features. On the other hand, we assume that the DeepRed images are giving information on light scattered by cometary dust only. This filter bandpass (Morrill et al. 2006 ) is placed well outside the strong Na emission lines and the much weaker Li line at 6707.78 Å. The contamination by the weak K lines at 7664.90 and 7698.96 Å will be neglected. A quantitative estimate of the possible (small) contamination of these lines on the scattered dust flux is beyond the scope of this paper.
To perform the reduction of the SOHO LASCO C3 images, we built a background image by generating a median stack combining the Clear filter and DeepRed images taken at different times, so that all the background stars and the comet itself vanished, leaving a background image only. The spatial scale and rotation angle of the images with respect to the celestial north were found by fitting the stars' positions in the images to the stars in the Hipparcos catalog. An example of those fits for the two pre-perihelion Clear filter reduced images is given in Figure 4 . This resulted in a spatial scale of 56. 25 pixel −1 , in perfect agreement with the results of Morrill et al. (2006) . Owing to the fact that the nucleus is at least partially vaporized during the observations, the position of the nucleus cannot be associated with the comet optocenter, as it is commonly done for cometary images. Instead, we located its theoretical position by using the JPL Ephemeris at the Horizons web page, taking into account that the images were taken from the location of the SOHO spacecraft. The position of the nucleus is displayed in the Clear images of Figure 4 . Then, while the nucleus is inside the cloud of particles pre-perihelion, it is significantly away from the brightest pixel in the image in the two post-perihelion images. This fact implies that the activity (sublimation and/or refractory material vaporization) has ceased postperihelion, which will be confirmed in the modeling procedure.
The absolute calibration was performed by using the final LASCO C3 calibration factors from Table IV of Morrill et al. (2006) for the DeepRed and Clear filters. The reduced Clear and DeepRed filter images are displayed in Figures 4 and 5. It is interesting to see the conspicuous spike along the northern part of the broader tail that is only seen in the two pre-perihelion Clear filter images. This spike is not seen at red wavelengths, possibly because it is under the detection threshold. Regarding the post-perihelion images, both the Clear and DeepRed images show two distinct tails with some material in between, one to the northeast, linked mostly to particle fragmentation near perihelion passage, as we will show in the modeling, and another to the southeast, associated with the remaining material ejected pre-perihelion.
In addition to the images, we also take into account the Afρ data provided by the amateur astronomical association Cometas-Obs. These data come from many observers, from several countries, mostly in Spain. These data are R-band Afρ data and all of them refer to a ρ = 10 4 km aperture radius. This data set is of great value, as they provide an almost continuous coverage of the comet dust evolution, which is very useful for retrieving dust properties from our the Monte Carlo modeling, as we will show below. Figure 6 shows the raw Afρ data as a function of time, in days related to perihelion passage (asterisks). The data begin just after discovery, shows a gap while the comet was behind the Sun in 2013 June, July, and part of August, and then span the remaining pre-perihelion branch until just 10 days before perihelion date, when the comet was again too close to the Sun. In this graph, the variation of the phase angle of the comet versus time is also shown. It is seen that the relative maximum around 320 days before perihelion is, at least partially, produced by a backscattering enhancement because of the excellent correlation of Afρ with the phase angle. In a first approximation, we corrected for this effect by assuming a linear phase coefficient of κ = 0.03 mag deg −1 , which is within the range of estimates of κ for other comets (e.g., Meech & Jewitt 1987) . Then, for phase angles α 30 • , we corrected the Afρ values by the factor 10 κ(30−α)/2.5 . This correcting factor was also applied to the images for which α 30
• . Although less pronounced, the maximum at −320 days still remains, but we did not make further corrections because we cannot be completely sure that an outburst of activity is also contributing.
THE MODEL
The interpretation of the images and the Afρ data is based on our Monte Carlo dust tail analysis code, which has been described previously in several papers (e.g., Moreno et al. 2012 Moreno et al. , 2013 . The code is a forward model that produces synthetic dust tail images for a given observing date taking into account a set input parameters related to the dust parameters: differential size distribution, ejection velocities, and dust loss rates as a function of the heliocentric distance. In addition, the density ρ p and the geometric albedo p v of the dust grains must be specified. We adopt ρ p = 1000 kg m −3 . The scattering properties of aspherical grains of a wide range of sizes, like those ejected from cometary nuclei, are very tedious to calculate using the available light scattering codes (e.g., the Discrete Dipole Approximation by Draine & Flatau 1994) , mainly because of the long CPU time and huge memory needed for grains larger than the wavelength of the incident light, even for large computers. In consequence, we consider spherical dust grains, for which Mie theory gives an exact computation of the phase matrix at a given wavelength and refractive index. For a refractive index of m = 1.88 + 0.71 i, which corresponds to glassy carbon, we obtain p v = 0.04 at red wavelengths for grains having a radius r λ. The main problem we face with this approximation is that the phase function is completely flat at backscattering, so that the backscattering enhancement cannot be modeled properly. This is why we resort to correct the data affected by the backscattering enhancement by the method described in the previous section. From Mie theory, we can also obtain the radiation pressure coefficient Q pr , which turns out to be Q pr ≈ 1 for r λ. The ratio of solar radiation pressure to solar gravity force exerted on the grains can be computed as β = CQ pr (2ρ p r) −1 , where C = 1.19 10 −3 kg m −2 . Neglecting cometary gravity, which is a reasonable assumption for nucleus sizes of the order of R N ∼ 1 km, like ISON, the grains move in Keplerian orbits around the Sun. The trajectory of the grains will be a function of the terminal velocities and the β parameter. The final position of the ejected grains on the photographic plane for a given observation date and their contribution to the tail brightness are computed by the Monte Carlo code.
The model can deal with the characteristics of the emission pattern. Adopting a spherical nucleus, it is possible to specify its rotation parameters (rotation period and orientation of the spin axis), and to set some active area(s) on its surface. The orientation of the spin axis is specified by the obliquity I, and the argument of the subsolar meridian at perihelion Φ (for a definition of those angles, see, e.g., Sekanina 1981) . Owing to the large number of free parameters, we only resort to that anisotropic ejection model when we cannot find an acceptable fit for isotropic or hemispherical emission models.
The terminal velocity of the ejected grains is parameterized according to the expression v(β, t) = v 1 (t)β 1/2 . This formula has previously been used in other well-known models such as Fulle (1989) , and separates the time and size dependencies of the velocity. The size dependence is appropriate to gas drag by the ice sublimation processes. The ejection velocities are parameterized as a three-dimensional vector whose components are directed outward in the direction of the comet radius vector (u R ), perpendicular to u R , contained in the orbital plane, and in the opposite sense of the comet motion (u θ ), and normal to the orbital plane directed to the north pole of the orbit (u z ). These components must be calculated as a function of the active area coordinates and the angles I and Φ (Sekanina 1981) .
To model the dust tail observations at different epochs, we start from a specific choice of input parameters as follows.
The differential size distribution function is set in the interval 10 −5 cm to an upper size limited by the escape velocity, given by v esc = √ 2GM/R, where R is the distance to the nucleus center of mass. We adopt R = 20 R N , the distance at which the gas drag becomes negligible. Then, for a spherical nucleus of R N = 500 m, which would agree with the reported nucleus size by Combi et al. (2014) , 0.3 < R N < 1.3 km, and a bulk nuclear density of ρ N = 1000 kg m −3 , the nucleus mass is 5.2 10 11 kg, and the escape velocity becomes 0.08 m s −1 . The differential size distribution function is initially assumed constant with the heliocentric distance and having a power index of −3.5, which is within the range estimated for many comets. The onset time of cometary activity was set at 12 AU. At the first pre-discovery observation by Pan-STARRS, on 2011 September 30 (see the available magnitude data for ISON in the Minor Planet Center database), the comet was at 9.4 AU, so that we placed a safe onset time earlier, as the comet might already be active at the time of the first observation. In any case, this date was tested in the modeling procedure. With these parameters, we attempted first to fit our earliest images on 2013 February 14 and May 2, in combination with the first part of Afρ data from −430 to −200 days to perihelion, and then the rest of images and Afρ Table 1 . The solid line is the modeled Afρ from synthetic images generated every 10 days for the best-fit model parameters. data, except the SOHO images. These images were fitted in the last phase of the fitting procedure, since they required a special treatment, as other processes such as particle vaporization are taking place at those dates very close to perihelion.
The synthetic Afρ data were generated by computing synthetic images evenly spaced every ∼10 days with the model input parameters, and calculating Afρ at ρ = 10 4 km from those images. Not surprisingly, the first model results were very far from the real data set, needing corrections in several parameters of the model. Then a trial-and-error procedure is begun, in which we modified each of the input parameters at a time, then several at a time, until a reasonable fitting is found. Given the large amount of free parameters (many of them functions of the heliocentric distance), it is very difficult to follow a specific fitting strategy, other than first starting with the earlier data. After finding a reasonable order zero fit to the earliest data, we proceed to more recent data, by trying to modify only the time-dependent parameters between the last two epochs, so that (a2), and (a3)) and 2013 May 1 (Panels (b1), (b2), and (b3)). Panels (a1) and (b1) correspond to an isotropic ejection model. Panels (a2) and (b2) correspond to a hemispherical ejection model. Panels (a3) and (b3) correspond to a 45 • emission cone toward the Sun. (A color version of this figure is available in the online journal.) the earlier input data are not modified. Much of the time it is impossible to find a fit to a given image without modifying earlier parameters affecting the images already fitted, so that we must go back and forth until reaching a reasonable global fit to all the data. We must recognize that the fit found is surely not unique, but taking into account the amount of data constraining the model, it is possibly the best that can be achieved with the available data.
RESULTS
We divided the analysis into three parts, as a function of time: the first part of data correspond to the early images and Afρ data, until approximately 200 days pre-perihelion, when the comet went behind the Sun from the Earth and could not be observed; the second part of data corresponds to those data between approximately 100 days and 13 days to perihelion, i.e., when the comet was available again to Earth's observers; and the third part corresponds to the SOHO data, in which the comet was ≈±2 days to perihelion. The first and second blocks of data constitute the ground-based observations and are described and analyzed in the next subsection, while the SOHO images and models are described in the last subsection.
The model analysis is made by first considering the simplest kind of particle ejection pattern, in which particle emission occurs within a cone of a given aperture around the vector from the comet to the Sun. This emission cone is assumed to have either a broad aperture of 90 deg (hemispherical emission), or a more focused emission of 45 deg aperture.
Ground-based Data
The first part of the data apply to the earliest images on 2013 February 14 and May 2. We first attempted to fit those images using isotropic ejection models, but those synthetic images did not accurately fit the observed images. A hemispherical ejection model (a 90 deg aperture emission cone toward the Sun) was also built up, but the results did not improve significantly. However, for narrower emission cones toward the Sun, the fits started to improve considerably. Figure 7 shows the improvement on the fits to the images from changing the emission pattern from isotropic to a 45 deg emission cone toward the Sun. In terms of a model of a rotating nucleus with an active area on it, which would be, at least conceptually, a more realistic scenario than the simple emission cone, we searched for models giving similar ejection patterns to that given by the 45 deg aperture ejection. Then, we searched in the space of parameters I, Φ, and latitude range for an active area yielding model fits of similar or better quality than those displayed in Figures 7(a3) and (b3). The best fits were found when I was near 70
• , Φ close to 270
• , and an active area latitude extending from 35
• to 90
• north. We note that the sense of rotation of the nucleus around the spin axis cannot be constrained with this model, so that this configuration would be equivalent to I = 110
• , Φ = 45
• , (retrograde motion). For simplicity, we will adopt the prograde solution. The cometocentric latitude of the subsolar point, λ ss , as a function of the true anomaly, θ , is given by sin λ ss = sin I sin(Φ + θ ). For I = 70
• and Φ = 270
• , λ ss becomes ∼70
• for a large portion of the inbound branch of the comet (see Figure 8) , meaning that the comet is always approximately facing the same hemisphere to the Sun inbound except for small heliocentric distances r h 1 AU, where the subsolar point changes very fast with time toward southern latitudes. The model resulting fits to the isophote field of the two images on February 14 and May 2 can be seen in Figures 9(a) and (b). These fits constitute further improvement against the simple 45 deg ejection cone. Note that the model fits must also be consistent with the evolution of the model parameters back to the onset of activity, specifically with the heliocentric variation of the Afρ curve as well. We verified that the model in fact simultaneously fits the images and the Afρ parameter as a function of time (see Figures 6 and 9 ) for the first part of the data, from the onset of activity to 200 days to perihelion.
The second block of data corresponds to images and Afρ data from 100 to 13 days to comet's perihelion, or from r h = 1.55 to r h = 0.61 AU. The application of the previously described anisotropic ejection model to those images resulted in poor fits, showing a prominent brightness excess in the sunward direction. For those images, simple isotropic ejection models performed much better, however. To satisfy both the images and Afρ data Figure 9 . Observed brightness isophotes (black contours) and best-fit modeled isophotes (red contours) for the seven images labeled (a)-(g) (see Table 1 for a description of the image parameters). The best-fit model parameters are displayed in Figure 11 . In all panels, north is up, and east is to the left. (A color version of this figure is available in the online journal.) for both blocks of data, we had to assume anisotropic ejection from the onset time until the May 1.86 image at r h = 3.89 AU and then switch to an isotropic ejection model for heliocentric distances r h < 3.89 AU. In this way, we could consistently fit all the images and the evolution of the Afρ parameter for the first and second blocks of data (Figures 6 and 9) .
The large obliquity of the spin axis (I = 70 • ) agrees with the analysis of Hubble Space Telescope (HST) observations of the comet on 2013 April 10 by Li et al. (2013) , who also suggests a high obliquity, in the range I = 50
• -80
• . Since the latitude of the subsolar point remains essentially constant until r h ∼ 1 AU, a potential problem of the model would be in how the emission could become isotropic for r h < 3.89 AU, if only one hemisphere of the comet is continuously illuminated, and the dominating process is gas drag from sublimating ices. One possibility is the propagation of a thermal wave into the nucleus that activate subsurface sublimation in areas that previously had been inactive. Another possibility, but much more unlikely, is that the nucleus of the comet is highly elongated and has the rotating axis aligned with the long axis (i.e., in an unstable configuration because of its high energy for its angular momentum) so that very small variations in the subsolar point latitude would result in the illumination of fresh ices in the southern hemisphere, leading to sublimation.
The model parameters that best fit all available images and Afρ data are displayed in Figure 10 . The dust mass-loss rate as a function of the comet heliocentric distance is displayed together with the water production rate obtained by converting the available heliocentric magnitude (m h ) data (Minor Planet Center database and N. Biver 2014, private communication) (Jorda et al. 2008) . In general, both quantities correlate, except for the local minimum near −4.8 AU. The dust-to-gas ratio tends to decrease with increasing heliocentric distance in general and keeps < 1 except at |r h | > 1 AU. It is, however, important to note that the latest images on 2013 November 6.23, November 13.20, and, especially, November 15.24, at r h = 0.87, 0.67, and 0.61 AU, respectively, are increasingly contaminated by the plasma tail, so that the dust-loss rates derived are actually an upper limit. Most of this contamination presumably comes from the H 2 O + ion, which is the one that dominates the red region of the spectrum covered by the red bandpasses. The narrow local maximum of dust-loss rate at ∼-5.2 AU does not have a counterpart in the gas-loss rate (except for two single magnitude estimates), and is associated to the brightness increase very likely produced by the brightness opposition effect or backscattering enhancement.
Regarding ejection velocities, as stated previously, we imposed a maximum grain size limit set by the escape velocity appropriate for an assumed 500 m radius body with a bulk density ρ = 1000 kg m −3 at a distance of 20 R N (see the dotted line in Figure 10(b) ). Then, at heliocentric distances of |r h | 9 AU, ∼1 cm radius grains could in principle be ejected. However, the maximum size set at heliocentric distances 5 < |r h | < 9 was 0.3 cm. The reason is that the ejection of larger particles would result in the presence of a strong sunward brightness spike in the images for |r h | < 1 AU, which is not observed. The grain velocities experience a strong decrease with increasing heliocentric distance, which might be approximated closely by a 1/r 2 h dependence (see Figure 10(b) ). This agrees with the terminal subsolar velocity found by Crifo & Rodionov (1997) from advanced three-dimensional circumnuclear coma models at intermediate particle sizes, and departs from the approximate 1/r h dependence stated by Whipple (1951) .
The derived range of ejected grain sizes as a function of the heliocentric distance is generally constrained by the escape velocity in the upper bound. The lower size limit is constrained in combination with the power index, controlling both the absolute brightness levels of the outermost isophotes, and the variation of brightness across the tail images. The power index ranges between −4.2 at far pre-perihelion distances and −3.5 at perihelion. These are rather common values for the power index found in the literature. As an example, Fulle et al. (2010) found similar values in the post-perihelion branch in their model analysis of the dust environment of comet 67P/ChuryumovGerasimenko.
Analysis of SOHO Images
The third block of data pertain to the previously described "level-0.5" SOHO fits images in both the Clear and DeepRed filters obtained with the LASCO C3 coronagraph spanning the dates around perihelion. With our Monte Carlo model we analyzed two pre-perihelion and one post-perihelion DeepRed images, and one post-perihelion Clear image. These images are described in Table 1 and are displayed in Figure 5 . As stated previously, it is assumed that the DeepRed images are providing information on light scattered by dust only. The brightness observed in the pre-perihelion Clear filter images is mostly attributed to sodium emission (e.g., Knight & Battams 2014) . As stated in Section 2, alkali atoms should be expected to be extracted from dust, where up to five possible mechanisms have been identified (Fulle et al. 2013) , including thermaland/or photon-stimulated desorption, solar wind sputtering, vaporization, and photodissociation of parent molecules. In consequence, the pre-perihelion Clear filter images can trace the dust grains, but their analysis should obviously take into account the emission mechanism(s) involved, and this is beyond the scope of the paper. We will only use those Clear filter preperihelion images to compare with the dust features observed in the DeepRed images pre-perihelion.
The choice of the LASCO C3 images analyzed was not arbitrary: we selected Clear and DeepRed images taken as close in time as possible in order to compare the observed dust features at each epoch. The first images selected correspond to 2013 November 28.02 (Clear) and 28.07 (DeepRed). At that time, the Clear filter image shows nearly the maximum level of saturation, with an apparent magnitude near −2.0, in contrast with the apparent magnitude in the DeepRed filter of ∼ +2.0 (Knight & Battams 2014) . The next images were selected at 2013 November 28.62 (Clear) and 28.63 (DeepRed), just before the comet head was hidden by the coronagraph. Then, we selected images at 29.26 (Clear) and 29.28 (DeepRed), just after the comet emerged from the coronagraph, and yet another one when the comet was headed toward the edge of LASCO C3 field of view, but still retaining some significant signal on the Clear filter on November 30.21. At that time, no DeepRed images were available. However, and since the fluxes in the Clear and DeepRed images were similar since November 29.0 onward (Knight & Battams 2014) , we assumed in principle that the flux in the Clear filter at that time (November 30.21) is given information on light scattered by dust, as in the DeepRed images, and that the alkali emission is negligible.
The analysis of the SOHO images is complicated by the fact that particle sublimation, among other processes, is surely playing a role. Our approach consist in fitting the tails as if they were generated in some interval of time where dust is being produced according to a set of model input parameters, but without taking into account that in the very same interval there is an unspecified fraction of particles that surely undergo variations in size, or even disappear because of sublimation. As a consequence, our estimates of the mass of particles contained in a dust tail for these SOHO images are always lower limits to the real dust mass ejected. For these fits, and for lack of better information, we assumed the same ejection velocity law as for the gas drag in the previous analysis. The dust ejection was assumed in principle to be isotropic.
We started the analysis with the DeepRed image on 2013 November 28.07. The close Clear filter image on November 28.02 is becoming saturated near the head of the comet, reaching approximately maximum brightness (Figure 4) . The parameters of the best fit to the DeepRed image, as well as for the other SOHO images are shown in Figures 11 (pre-perihelion) and 12 (post-perihelion). The most remarkable feature of the fit is the large amount of dust mass needed to fit the tail, which is 2.3×10 11 kg, equivalent to a sphere of 380 m in radius with density 1000 kg m −3 . This is a very significant dust mass, nearly half of that of a 500 m nucleus with ρ = 1000 kg m −3 (5.2 × 10 11 kg). This is much larger than the total dust mass ejected from the onset time until the observation time of our last groundbased image on November 15.24, 7.3 × 10 9 kg, when the comet was at 0.61 AU. The start of the significant mass loss is at r h = 0.36 AU pre-perihelion, where, after a short maximum burst, the activity continues at a high rate of 1.7×10 5 kg s −1 , until the observation date, November 28.07. The minimum particle sizes are rather small, ranging from about 1 μm to 0.1 μm during the peak activity, with the largest particles being ejected at ∼10 m s −1 . The best fit image is shown in Figure 13 (a), and a scan along the tail is compared to the observation in Figure 14 (a). It must be noted that this strong production of particulate material at 0.36-0.08 AU is also accompanied by a strong reduction in the dust production rate at r h > 0.61 AU in comparison with the derived loss rates from ground-based data at those heliocentric distances (see Figure 10(a) ). Specifically, we must impose a reduction factor of at least 40 at r h > 0.61 AU, otherwise the spike, which appears clearly in the northern branch of the tail in the Clear filter images (see Figure 4(a) ), would appear markedly in these synthetic DeepRed images, contrary to the observations. An explanation of this on the light of particle sublimation is given in Section 4.2.1. In panel (a) , the dust production rate as a function of the heliocentric distance is displayed. Panel (b) shows the variation of the ejection velocity vs. heliocentric distance referred to a grain of 1 cm in radius. In panel (c), the maximum and minimum particle radii used in the model are displayed, and, in panel (d), the evolution of the power index of the size distribution.
The next image to fit was the DeepRed image taken on 2013 November 28.62 To fit this image, a considerable decrease in mass-loss rate in comparison with the November 28.07 image must be considered. In addition, the dust production must stop just after November 28.07, otherwise the region of the comet's heat would be much brighter than observed. Also, a notable variation in the range of particle size had to be introduced, in such a way that the distribution has become much more monodisperse (see Figure 11(c) ). The dust mass contained in this tail is 7.6×10 8 kg, a factor of about 300 smaller than the mass on November 28.07. The resulting fit to the image, and a scan along both the observed and modeled tails, are shown in Figures 13(b) and 14(b) . As in the case of the pre-perihelion DeepRed image on November 28.07, we imposed a strong reduction in the dust production rate at heliocentric distances of r h > 0.61 AU of a factor of at least 40 (Figure 11(a) ), with respect to the production rate derived from ground-based data at those heliocentric distances (Figure 10(a) ), for the same reason: the spike that is clearly seen in the Clear filter image (see Figure 4(b) ), which corresponds to dust ejected much earlier in the orbital path, would appear clearly in the synthetic DeepRed image of November 28.62, unless this reduction is applied. The spike only appears in a high-contrast display, such as shown in Figure 13 (e), when that reduction to the dust production rate is performed.
The two post-perihelion images analyzed were taken at phase angles of 121.
• 1 and 127.
• 8 on November 29.28 and 30.21, respectively. As a consequence, a correction for the forwardscattered brightness, in a similar way as we did for the early images and Afρ data for phase angles close to backscattering, must be performed. We followed the parameterization of Marcus (2007) , also used by Knight et al. (2010) , for an intermediate dust-to-gas ratio of 0.52. Then, to take into account the cometary phase curve, and putting the data at the brightness level of the 30
• phase angle, as for the ground-based images and Afρ data, the images on November 29.28 and 30.21 are corrected by 0.50 and 0.75 mag, respectively. Both post-perihelion observations reveal a bilobed -shaped tail, with some material in between. The dust parameters of the best fits are displayed in Figure 12 , while the best-fit images are compared to the observations in Figures 13(c) and (d) , while scans along the images are displayed in Figures 14(c) and (d) . As stated previously, the theoretical In panel (a) , the dust production rate as a function of the heliocentric distance is displayed. Panel (b) shows the variation of the ejection velocity vs. heliocentric distance referred to a grain of 1 cm in radius. In panel (c), the maximum and minimum particle radius used in the model are displayed, and, in panel (d), the evolution of the power index of the size distribution. Note that with the exception of panel (a), the dust environments from the analysis of both post-perihelion images are indistinguishable. nucleus position is significantly outside the optocenter of these images. This is consistent with the fact that the comet ceases activity before perihelion, as confirmed by the model results. The dust parameters are the same for both post-perihelion images, except that the mass production stops at 0.02 AU for the November 29.28 image and at 0.05 AU for the November 30.21 image. This accounts for the difference in total dust mass released in the two observations, 8.1×10 8 kg and 6.7×10 8 , respectively. It is also important to note is the very small size of the particles that constitute both tails in comparison with all previous images, being in the range 0.1-50 μm.
It must be noted that while an isotropic ejection pattern was compatible with the ejection scenario in the first of the two preperihelion images on November 28.07, in order to perform a good fit to the images on November 28. 62, 29.28, and 30.21 , an anisotropic ejection model had to be considered. Specifically, for those images (those displayed in Figures 13(b) , (c), and (d)) the ejection pattern was characterized by u R = 0.7 + 0.3 r 1 and u θ = 0.5 + 0.5 r 2 while the ejection component along the perpendicular to the orbit plane is isotropic, i.e., u z = 2 r 3 -1, where r 1 , r 2 , and r 3 are random numbers in the (0, 1) interval. To show this, post-perihelion synthetic images built under the assumption of isotropic ejection are shown in Figure 15 , where it can be seen that they not adequately reproduce the observed brightness pattern.
Particle Sublimation Near ISON Perihelion
To gain insight into the size variations that the particles might experience due to sublimation processes that have taken place during the ISON close approach to perihelion, we have calculated the evolution of the grain sizes for different cometary materials. We have specifically considered spherical grains of crystalline olivine, pyroxene glass, and glassy carbon as typical cometary materials. The rate of size decrease due to sublimation is governed by the Clausius-Clapeyron equation as (see, e.g., Mukai & Mukai 1973; Kimura et al. 2002) 07, 28.63, 29.26, and 30.21 , respectively (see Table 1 ). The black lines along the tails correspond to the brightness scans shown in Figure 14 . where T is the temperature, ρ p is the particle density, M r is the molecular mass of the gas released in the sublimation process, u = 1.66 × 10 −27 kg is the atomic mass unit, and k B is the Boltzmann constant. The vapor pressure, p(T ), is given by
where L is the latent heat for sublimation, and b is a constant, which are obtained from evaporation experiments of the material involved. The equilibrium temperature of the grains is computed from the balance between the energy absorbed and emitted using the equation (e.g., Hanner et al. 1997 )
where S(λ) is the solar flux at 1 AU, r h is the heliocentric distance in AU, B λ (T (r)) is the Planck function for grain temperature T, and Q abs (λ, r) is the absorption efficiency of the grain of radius r at wavelength λ. The absorption efficiencies are computed for spherical grains by Mie theory, and are a function of the refractive index of the material. The refractive indices are taken from Edoh (1983) for glassy carbon, from Dorschner et al. (1995) for crystalline olivine, b = 24.17 (when MKS units are used), L = 9.61×10 6 J kg −1 , M r = 60 (see Kimura et al. 2002) , and ρ p = 3200 kg m −3 for pyroxene, and b = 32.8 (when MKS units are used), L = 6.19×10 7 J kg −1 , M r = 12, and ρ p = 2250 kg m −3 for carbon. To obtain the evolution of the grain size for the different materials, we first compute the equilibrium temperature of the grains and the rate of change of the grain radius for different heliocentric distances and grain sizes. Then, we integrate Equation (1) taking into account, at each time step, the predicted heliocentric position of the comet ISON. Thus, the evolution of the grain size as a function of the heliocentric distance, for different initial grain radii and the three different compositions, is displayed in Figure 16 .
The first immediate conclusion that can be drawn from Figure 16 is that grains of sizes r 10 μm and of any of the studied compositions cannot survive ISON perihelion passage. In particular, crystalline olivine grains of any size will be completely vaporized at r h 5 R , so that grains of this composition will not survive. In contrast, pyroxene grains of sizes r 100 μm will survive, with some size reduction. Micrometer and submicrometer pyroxene grains will start to vaporize at r h 10 R . On the other hand, glassy carbon grains last longer than grains of the other substances, those of r 10 μm being vaporized very close to perihelion, and those having r 100 μm surviving the perihelion passage with some size reduction.
From the pre-perihelion LASCO C3 image on November 28.07, we have inferred a large mass-loss rate in the 0.36-0.08 AU heliocentric distance range. Based on the extraordinary amount of dust mass contained in the tail, of 2.3 × 10 11 kg, we believe that most of the mass released is a consequence of a cataclysmic disruption of the nucleus, from whose interior a large amount of fresh material was released in the form of both ice and refractory material. This huge release of material is simultaneously accompanied by a reduction in dust production rate by a factor of at least 40 of that derived from ground-based data at r h > 0.61 AU, otherwise the spike seen in the Clear filter images would show up markedly in the synthetic DeepRed image. The reason that strong reduction must be linked to the fact that the entire tail is within the LASCO C3 field of view, i.e., inside 32 solar radii or ∼0.15 AU, so that particle sublimation has surely taken place (see Figure 16 ). During this strong ejection of material, it is interesting to note the narrow spike in dust production near 0.37 AU or 80 R , heliocentric distance at which the blackbody temperature is about 450 K, which is the sublimation temperature of most organics ( Kouchi et al. 2002; Kimura et al. 2002) . Then, if the equilibrium temperature of the grains is close to that of a blackbody, sublimation of the organic mantle covering the particles possibly takes place (Kimura et al. 2002) . While the position of the spike corresponds to the heliocentric distance at which sublimation of organic compounds is expected, we cannot prove this solely from this data set.
Most of the large amount of material released in the 0.36 to 0.08 AU range is rapidly vaporized afterward as confirmed by the analysis of the November 28.62 DeepRed image, implying a strong reduction in dust mass production, mainly inward of 0.36 AU, as particle vaporization should be stronger for shorter heliocentric distances (see Figure 16) . However, the total dust mass in the first post-perihelion tail on November 29.28 is approximately the same as in the post-perihelion November 28.62 tail. This would indicate that the dominant process in that time interval should be particle fragmentation, and not particle vaporization, in order to make mass conservation compatible with a decrease in grain size. It is possible that the smallest grains have undergone vaporization at distances r h 5 R , and then the larger particles, which are essentially not vaporized, are suffering mostly fragmentation phenomena. This is consistent with the non-detection of ionized oxygen from the Solar Dynamics Observatory (Pesnell 2013) .
Finally, the dust production rate profile corresponding to the last image analyzed on November 30.21 (the dashed line in Figure 12 (a) stops at 0.05 AU (or 10.8 R ), indicating that the material that makes the November 29.28 tail in the region 0.05-0.02 AU has been completely vaporized after undergoing the fragmentation phenomena.
CONCLUSIONS
We have performed a complete study of the dust environment evolution of the comet ISON by analyzing a series of images and Afρ data, spanning a period from after discovery until its almost complete vaporization a few days after perihelion. We use a Monte Carlo model to retrieve the dust parameters as a function of the heliocentric distance. The most important conclusions follow below.
The early Afρ and image data are consistent with ejection from an active area from a comet nucleus whose spinning axis has a large obliquity (I = 70
• ), in agreement with the interpretation of HST observations of the comet by Li et al. (2013) . The argument of the subsolar meridian at perihelion is found to be around (Φ = 270
• ; assuming prograde motion), and the nucleus would present a single and extended active area from 35
• north. This configuration nicely fits the early images and Afρ data until approximately 200 days preperihelion, where the emission should vary from the mentioned active area on the northern hemisphere to become essentially isotropic afterward. The reason for that is unclear, although a plausible explanation is the propagation of a thermal wave into the nucleus that activate subsurface sublimation in areas that previously had been inactive.
The early Afρ data show a local maximum at approximately 350 days pre-perihelion which has been found to be coincident with a minimum phase angle of about 2
• , showing the presence of backscattering enhancement, which has been corrected by a linear phase coefficient of κ = 0.03 mag deg −1 . However, a residual maximum still remains, even considering a larger κ. As a consequence, a coincidental outburst of activity cannot be ruled out.
The isotropic ejection model from approximately 200 days to perihelion to 13 days to perihelion is capable of fitting all the images and Afρ data in this interval, perfectly mimicking the minimum in the Afρ data found observationally 60 days before perihelion and the strong rise afterward. Comparing to the water production rate, we found a dust-to-gas ratio that generally decreases with increasing heliocentric distance, and a velocity ejection law that is close to a 1/r 2 h dependence.
The analysis of SOHO LASCO C3 2013 November 28.07 DeepRed images reveals that, assuming an initial nucleus of R N = 500 m with ρ = 1000 kg m −3 , at least half of the mass of the nucleus was vaporized when the comet was at about 17 R . At this time, based on the particle sublimation curves for different cometary materials, we conclude that the nucleus must have suffered a cataclysmic fragmentation releasing a large amount of material. The analysis of yet another pre-perihelion image on November 28.62 reveals that most of the material released was immediately vaporized after the catastrophic event, so that the nucleus itself probably disappeared at that time. The analysis of a post-perihelion LASCO C3 DeepRed image on November 29.28 reveals that the total mass has not changed with respect to the pre-perihelion November 28.62 image, while the particle size has decreased notably, which is compatible with fragmentation phenomena of the largest particles, but not with vaporization. In fact, for two analyzed compositions, pyroxene glass, and glassy carbon, particles of the size r > 10 μm could have survived ISON perihelion passage, experiencing only a small variation in size.
The total mass contained in the last LASCO C3 postperihelion image analyzed, the surviving ISON material, is just 6.7×10 8 kg, or a sphere of 54 m in radius with a density of 1000 kg m −3 . This surviving dust is populated by small particles in the size range 0.1-50 μm, the final product of profuse vaporization and particle fragmentation process.
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